Controlling and monitoring flow rates at continuous-and cyclicsteam-injection wells are important elements of reservoir-heat management. For nearly 30 years, critical flow chokes have proven to be the most reliable and cost-effective means of controlling steam injection into heavy-oil reservoirs. Flow-control efficiency has been further improved with tapered-bore bean inserts to achieve critical flow, with only 10 to 15% pressure loss across the choke.
Introduction
A Thornhill-Craver-style choke with removable tapered-bore bean insert, as shown in Fig. 1 , is the most commonly used device for controlling flow rate to steamflood injectors and cyclic-steam wells. Under critical-flow conditions, steam-flow rate depends only on upstream pressure, steam quality, and the diameter of the bean throat, expressed in 64ths of an inch. While tapered-bore chokes follow the same critical-flow principles as straight-bore chokes, steam pressure exiting a tapered-bore bean can be as high as 80 to 85% of the upstream pressure.
The pressure-recovery process that occurs in the tapered-bore bean is based on the flow of compressible fluids through converging/diverging nozzles. The diverging or tapered portion of the bean acts as a diffuser that decelerates the fluid and increases the pressure. The diffuser recovers some of the kinetic energy of the fluid as it decelerates and uses it to recompress the expanded fluid to a higher pressure. As discussed by Shapiro (1953) , a 6° tapered-bore angle has been shown to provide maximum pressure recovery and, thus, the highest possible exit pressure. This angle also acts to minimize flow separation from the tapered wall, further reducing pressure loss.
Pressure curves for subsonic, sonic, and supersonic flow through a tapered-bore bean are shown in Fig. 2 . For dry steam (i.e., 100% quality), the critical pressure P c is equal to 55% of the inlet or upstream pressure P 1 . Griston (1995) has shown that P c = 0.55P 1 also applies to wet steam. Under subsonic-flow conditions, the exit or downstream pressure P 2 is greater than P c , and the tapered-bore bean acts like a conventional Venturi tube. As P 2 is reduced, the pressure in the bean throat reaches P c , the flow velocity reaches the speed of sound, and a shock wave forms. Downstream of the shock wave, pressure recovery occurs as the velocity decreases along the tapered portion of the bean.
Until recently, it has been assumed that a 6-in. tapered-bean length is required to achieve maximum pressure recovery. However, bean-throat diameters greater than 28 / 64 in. exceed the design limits for this bean length. In such instances, more-expensive choke assemblies must be used to accommodate larger-diameter bean inserts. It would be beneficial to use a shorter tapered-bean length that could accommodate larger throat diameters, while maintaining critical flow at a high downstream pressure.
The results of field tests to evaluate the effect of the taperedbean length on pressure recovery are presented. The ratio of downstream to upstream pressure at which transition from critical to subcritical flow occurs is shown for the different tapered-bean lengths. Steam rates calculated using a Thornhill-Craver criticalflow equation are compared with measured rates. Uncertainty analysis results are presented to show the relative error contributions of bean-throat diameter, pressure, quality, and other steam properties to the overall accuracy of the calculated rates.
Field Tests
Field tests were conducted to evaluate the performance of 3-in.-and 4-in.-long tapered beans inserted inside conventional and tapered-cage nipples. The tapered-cage nipple is machined to extend the 6° taper downstream of the shortened bean, as shown in Fig. 3 .
The two main objectives of the tests were to 1. Determine the maximum pressure ratio, P 2 /P 1 , at which transition from critical to subcritical flow occurs for each choke configuration.
2. Evaluate the applicability of the Thornhill-Craver equation for computing steam rates.
Test Setup and Procedure. Flow-rate tests using a tapered bean and standard-cage nipple were conducted at a cyclic-steam well completed with slotted liner. Flow-rate tests using tapered choke bodies and tapered beans were conducted at a steamfl ood injector completed with limited-entry perforations. Steam qualities and rates exiting each choke were measured with a separator vessel, and upstream and downstream pressures were measured with pressure transmitters. A gate valve downstream of each choke was used to control the downstream pressure.
After each choke configuration was installed, the steam rate, quality, and pressures were allowed to stabilize, and data were collected for 20 to 30 minutes. Several downstream pressure adjustments were then made, first increasing in value and then decreasing in value. The steam conditions were allowed to stabilize after each adjustment, and data were collected for 20 to 30 minutes.
Transition From Critical to Subcritical Flow. By defi nition, critical fl ow occurs when fl ow rate remains constant despite changes in downstream pressure. The test data summarized in Tables 1 through 3 can be used to determine when critical fl ow is achieved through each tapered-bore bean. Thornhill-Craver * is the most commonly used equation for calculating steam rate through a static choke at critical-fl ow conditions. Steam-fl ow rate, in B/D cold-water equivalent (cwe), is calculated from Eq. 1, proposed by Griston (1995) : The empirical coefficient 57.3 incorporates the unit conversion constant and the flow coefficient. The geometry factor (1-0.00705L/d) incorporates the bean throat length L t and diameter d t . The density for two-phase steam is calculated with the vapor-phase and liquid-phase specific volumes ν v1 and ν l1 , and the vapor mass fraction x 1 at upstream pressure P 1 :
The steam quality upstream of the choke x 1 is estimated from the measured downstream quality x 2 , assuming adiabatic expansion as pressure drops from P 1 to P 2 across the choke. The vapor and liquid enthalpies h v and h l (at upstream and downstream pressures, respectively) are obtained from published steam tables or from empirical equations. Normal Shock in., respectively. The tapered-cage nipple and 3-in. tapered-bean insert were stock items purchased from a local manufacturer. The tapered-cage nipple and 4-in. taperedbean insert were special-ordered items purchased from the same local manufacturer. The incremental price for the special-order choke and bean was negligible. The incremental price between the standard and tapered choke bodies was also negligible.
Calculated vs. Measured Rates. Eq. 1 can be generalized to calculate steam-fl ow rate under critical-or subcritical-fl ow conditions. This generalized form is given in Eq. 4. For critical fl ow, Z =1, and for subcritical fl ow, Z is computed from a polynomial equation that best fi ts the fl ow-rate-ratio vs. pressure-ratio curves shown in Fig. 4 Griston and Abate (1996) and for a 6-in. straight bean published by Griston (1995) are included to illustrate the validity of Eq. 4 for fixed steam chokes with a variety of bean inserts.
Uncertainty Analysis
Uncertainty is inherent in any measurement or calculation process. For example, errors in steam-pressure and quality measurements will directly affect the accuracy of calculated flow rates. In addition, reliable rate calculations depend upon the accuracy of other steam properties, such as density and enthalpy. Therefore, it is important to quantify how each flow parameter affects the overall uncertainty of the calculated rates. An uncertainty analysis was conducted to estimate the relative error contributions of steam pressure, steam quality, bean-throat diameter, bean-throat length, flow coefficient, and calculated steam properties. A first-order Taylor-series expansion of Eq. 4 was used Table 4 . Error limits are based on manufacturer-specified instrument accuracy and on standard deviations of repeat measurements. Error limits for computed steam properties, such as enthalpy and specific volume, are based on deviations from tabulated data.
The nominal steam rate was computed to be 590 B/D cwe, with an overall uncertainty of 15 B/D cwe. This translates to an overall uncertainty of approximately 2.5% of the calculated rate.
The corresponding error-containment limits are ±29.6 B/D cwe or ±5% of the calculated rate with 95% containment probability. A Pareto chart of the relative error contributions to overall uncertainty in the calculated rate is shown in Fig. 7 . The bean-throatdiameter error contributes nearly 35% of the overall uncertainty. Errors in the subcritical-flow correction factor and flow coefficient contribute 18 and 17%, respectively. Upstream pressure error contributes approximately 13% of the overall uncertainty.
Conclusions
Field-test results show that pressure recovery can be achieved through shorter tapered-bean lengths of 3 to 4 in. Maximum pressure recovery is achieved with a 4-in. long tapered bean, with transition from critical to subcritical flow occurring at a pressure ratio P 2 /P 1 of 0.85. Pressure recovery for the 3-in. tapered bean is diminished, with transition from critical to subcritical flow occur- Supplied by the NIOC Central Library ring at a pressure ratio of 0.8. There does not appear to be any added pressure-recovery benefit by using a tapered-cage nipple. However, the tapered section may prevent flow impingement and erosion of the cage nipple as steam exits the shorter bean.
The 6-in. tapered-bean length can accommodate throat diameters up to 28 / 64 in., whereas the 4-and 3-in. tapered-bean lengths can accomodate throat diameters up to 44 / 64 and 48 / 64 in., respectively. Consequently, the shorter tapered-bean lengths provide a cost-effective and efficient means of controlling the wellhead steam rates and pressures required for a variety of applications, including fracturing of diatomite reservoirs and profile control using limited-entry perforations.
The Thornhill-Craver equation can be used to calculate steamflow rate through tapered beans with shorter lengths. In general, the accuracy of the calculated rates depends upon the accuracy of the bean-throat diameter, subcritical-flow correction factor, and upstream steam pressure and quality. Test data show that predicted steam rates are within ±10% of measured rates when accurate pressures and qualities are used. The Thornhill-Craver equation can also be used to compute the bean-throat diameter needed to achieve a desired steam rate for a given upstream steam pressure and quality. 
